Dichotomous histopathological assessment of ductal carcinoma in situ of the breast results in substantial interobserver concordance Aims: Robust prognostic markers for ductal carcinoma in situ (DCIS) of the breast require high reproducibility and thus low interobserver variability. The aim of this study was to compare interobserver variability among 13 pathologists, in order to enable the identification of robust histopathological characteristics. Methods and results: One representative haematoxylin and eosin-stained slide was selected for 153 DCIS cases. All pathologists independently assessed nuclear grade, intraductal calcifications, necrosis, solid growth, stromal changes, stromal inflammation, and apocrine differentiation. All characteristics were assessed categorically. Krippendorff's alpha was calculated to assess overall interobserver concordance. Cohen's kappa was calculated for every observer duo to further explore interobserver variability. The highest concordance was observed for necrosis, calcifications, and stromal inflammation.
Assessment of solid growth, nuclear grade and stromal changes resulted in lower concordance. Poor concordance was observed for apocrine differentiation. Kappa values for each observer duo identified the 'ideal' cut-off for dichotomisation of multicategory variables. For instance, concordance was higher for 'non-high versus high' nuclear grade than for 'low versus non-low' nuclear grade. 'Absent/mild' versus 'moderate/extensive' stromal inflammation resulted in substantially higher concordance than other dichotomous cut-offs. Conclusions: Dichotomous assessment of the histopathological features of DCIS resulted in moderate to substantial agreement among pathologists. Future studies on prognostic markers in DCIS should take into account this degree of interobserver variability to define cut-offs for categorically assessed histopathological features, as reproducibility is paramount for robust prognostic markers in daily clinical practice. A new
Introduction
Ductal carcinoma in situ (DCIS) of the breast represents a heterogeneous group of non-obligate preinvasive precursors of invasive carcinoma of no special type. The ability of DCIS to progress towards invasive cancer is likely to result from a complex interplay between intrinsic and extrinsic factors, such as genetic anomalies within the neoplastic cells, stromal remodelling, and stroma-derived proinvasive signalling. 1 Although DCIS has been the subject of intensive research during the past four decades, no robust prognostic markers have emerged that enable prediction of progression towards invasive cancer. Because surgery has always been the cornerstone of DCIS treatment, the natural biology of DCIS is poorly understood. Ongoing clinical trials such as the COMET, LORD and LORIS trials, which are investigating watchful waiting strategies for low-grade DCIS, might provide crucial information to fill this gap in our knowledge. [2] [3] [4] The main motive for such trials is the increasing awareness that significant numbers of DCIS patients are currently overtreated, as not all DCIS cases will become invasive. 1, 5 If these trials can prove that watchful waiting is not inferior to standard surgical treatment in a selected subgroup of patients, the search for proper prognostic markers is likely to be intensified. If DCIS is left untreated, adequate prognosticators are necessary to estimate the risk of upstaging of DCIS to invasive cancer on the initial biopsy, and to evaluate the risk of evolution towards invasion in the future. In addition, these prognosticators could be used to estimate the recurrence risk in patients treated with lumpectomy, thereby providing information on the need for additional radiotherapy. Ideally, adequate prognostic markers should enable us to reduce the number of patients who undergo surgery, as well as the number of patients who receive adjuvant irradiation and hormonal therapy. The current uncertainty about what constitutes 'high-risk DCIS' causes significant variability in treatment. 5 In the past, several histopathological and immunohistochemical characteristics of DCIS have been investigated, often with conflicting results regarding their potential for recurrence risk prediction. We wondered whether interobserver variability might explain such conflicting results. Adequate prognostic markers require robustness of assessment, i.e. high reproducibility and thus low interobserver variability.
The goal of this study was to investigate the levels of interobserver variability among histopathologists in the assessment of DCIS. Investigation of interrater concordance should enable the identification of reproducible robust histopathological features. In addition, this study could compel us to develop new definitions or cut-offs for those characteristics with poor interrater concordance, to enhance the robustness of assessment in the daily routine of histopathology laboratories.
Materials and methods

P A T I E N T S
All patients were women who consecutively underwent breast-conserving surgery or mastectomy for DCIS between 1 January 2007 and 31 December 2015 at Ghent University Hospital (Ghent, Belgium). Needle biopsies or vacuum-assisted core biopsies were excluded. DCIS cases with associated microinvasive foci were included, but DCIS cases admixed with invasive carcinoma (size of >1 mm) were excluded. All haematoxylin and eosin-stained slides were retrieved from the archives of the Department of Pathology (Ghent University Hospital), and reviewed by one pathologist (M.V.B.). One representative glass slide was selected for each lesion, and this single slide was used for subsequent histopathological assessment. No consecutive sections were cut from the corresponding tissue blocks. All pathologists (coded P1-P13) assessed the selected slides independently by using a light microscope. No digitally scanned slides were used. All 'observers' are routinely involved in breast pathology in academic and non-academic hospitals. This study was approved by the ethics committee of Ghent University Hospital (EC/2018/0014).
D E F I N I T I O N S F O R C A T E G O R I C A L A S S E S S M E N T
All histopathological features were assessed categorically. All participants were provided with detailed guidelines regarding the variables within each category. No training set was used, as this study concerned commonly assessed features. Nuclear grade was assessed as a three-tier variable according to the American Society of Clinical Oncology/College of American Pathologists protocol for examination of DCIS specimens, 6 which is partly based on the 1997 Consensus Conference on DCIS classification. 7 Nuclear grade was categorised as low, intermediate, or high, on the basis of nuclear size, pleomorphism, chromatin distribution, nucleoli, mitoses, and orientation of nuclei. 6, 7 Ductal carcinoma in situ architecture included solid, cribriform, papillary and micropapillary growth, regardless of comedonecrosis, 8, 9 and was assessed dichotomously: predominantly solid and non-solid architectures were defined as ≥50% and <50% solid growth, respectively. Necrosis was classified into four categories. 6, 9 Necrosis was defined as areas of confluent eosinophilic material containing ghost cells and karyorrhectic debris, and categorised as follows: no necrosis, single-cell necrosis, focal necrosis (necrotic debris in <50% of affected ducts), and extensive necrosis (necrotic debris in ≥50% of affected ducts). 9 Calcifications within DCIS were scored as present or absent.
Periductal stromal changes were classified semiquantitatively as previously described. 10 Myxoid stroma was defined as loosely arranged collagen fibres, interspersed with an amorphous, slightly basophilic substance (illustrated in Van Bockstal et al. [10] [11] [12] and Figure 1A ,B). Periductal stromal changes were divided into four categories. DCIS showed either periductal sclerotic stroma without (<1% of ducts) myxoid changes, a mild amount (i.e. ≥1% but <33% of ducts) of myxoid stroma, a moderate amount (i.e. ≥33% but <66% of ducts) of myxoid stroma, or an extensive amount (i.e. ≥66% of ducts) myxoid stroma.
The presence and degree of a chronic inflammatory infiltrate in the periductal stroma were recorded semiquantitatively as previously described.
9,10,13,14 Four categories were discerned. In DCIS with 'no stromal inflammation' (Figure 2A ), the periductal stroma was not infiltrated by lymphocytes. In DCIS with 'mild stromal inflammation' (Figure 2B ), the periductal stroma surrounding the affected ducts was infiltrated by a few loosely arranged lymphocytes but dense lymphocytic aggregates were absent, so the periductal stroma was easy to perceive. In DCIS with 'moderate stromal inflammation' (Figure 2C ), the majority (i.e. ≥50%) of the ducts were surrounded by a moderately dense inflammatory infiltrate: lymphoid aggregates were present but lymphoid follicle formation was absent, and assessment of the periductal stroma was not hampered by the density of the infiltrate. In DCIS with 'extensive stromal inflammation' (Figure 2D ), the majority (i.e. ≥50%) of the ducts were surrounded by a dense inflammatory infiltrate, consisting of large aggregates of lymphocytes. The density of this infiltrate hampered assessment of the periductal stroma. Lymphoid follicle formation could be present, but was not a prerequisite.
Apocrine differentiation was defined as previously described, 15 and was assessed regardless of the growth pattern. DCIS was classified as apocrine when >50% of the lesion showed apocrine features, i.e. abundant eosinophilic cytoplasm and large pleomorphic vesicular nuclei with prominent nucleoli. 15 No additional immunohistochemistry was used to determine apocrine differentiation.
S T A T I S T I C S
Statistical analyses were performed with IBM SPSS STATISTICS 25.0 (IBM, Chicago, IL, USA). The arithmetic mean was calculated for each DCIS lesion and for each histopathological feature, to assess the distribution of each feature within this cohort of DCIS cases. This average score accords with the most commonly addressed category for a specific feature for each lesion. For calculation of Krippendorff's alpha (KA) reliability estimates, the 'Kalpha' macro provided by Hayes and Krippendorff was used (http://af hayes.com/spss-sas-and-mplus-macros-and-code. html). This macro computes KA for categorical data, regardless of the number of observers and categories, and regardless of any missing data. 16, 17 KA (with the number of bootstrap samples set at 10 000) was used to investigate overall interrater concordance for each feature. Cohen's kappa values were calculated for each observer duo (i.e. 78 kappa values for each dichotomised histopathological feature), as this allowed detailed investigation of differences in reciprocal interrater concordance. Box-and-whisker plots were constructed in SPSS to visualise distributions of Cohen's kappa for each dichotomised feature. Interpretation was performed according to Landis and Koch. 18 Spearman's rho was determined to investigate possible correlations between the degree of concordance among pathologists and their relative experience, i.e. the number of years in practice.
Results
P E R C E N T A G E A G R E E M E N T
All histopathological features were classified in two, three or four categories by 13 observers. The participating pathologists had been in practice for 14 years on average (range 3-31 years). No significant correlation was observed between number of years in practice and degree of interobserver concordance (Spearman's rho ranging from À0.142 to 0.059; P > 0.05), although this might have been due to the limited number of participants. All observers rated all cases (n = 153). There were four missing values in the dataset. The distribution of all histopathological features is shown in Figure 3 , based on the average scores provided by all observers. Percentage agreement signifies the number of cases that were rated identically by all pathologists. Twenty-seven of 153 DCIS cases (17.6%) received an identical nuclear grade, and these were all considered to be high-grade. Fifty-five of 153 DCIS cases (36.0%) were rated identically for solid growth pattern. Intraductal calcifications were assessed identically in 72 of 153 DCIS cases (47.1%). Ten of 153 DCIS cases (6.5%) received identical scores for necrosis. Periductal stromal changes were rated identically in six of 153 DCIS cases (3.9%). No DCIS cases (0%) were rated similarly for stromal inflammation. All pathologists agreed that apocrine differentiation was lacking in 79 of 153 DCIS cases (51.6%), but disagreement existed for the other 74 cases (48.4%). Krippendorff's alpha does not allow detailed analysis of interobserver variability among different participants. Therefore, Cohen's kappa was calculated for each pathologist duo, which required 78 calculations for each histopathological feature (Tables 1, 2 and  Tables S1-S12 ). All categorical variables were dichotomised with all possible cut-offs to enable comparison of the kappa distributions for each feature. The 'ideal' cut-off (i.e. the cut-off with the highest median interrater concordance and the most narrow distribution) was identified. No particular patterns of scoring by the participants were observed: no differences were noted between those with greater or fewer years in practice, or between those within the same practice.
Nuclear grade was dichotomised in two ways: first, intermediate grade was combined with low grade to form a 'non-high-grade' group; and second, intermediate grade was combined with high grade to form a 'non-low-grade' group. Non-high-grade versus highgrade dichotomisation resulted in higher concordance (median kappa of 0.526) and a narrower range than low-grade versus non-low-grade dichotomisation (median kappa of 0.394; Figure 4) . Assessment of solid DCIS growth and the presence of calcifications resulted in median kappa values of 0.600 and 0.648, respectively, and both histopathological features showed narrow distributions of kappa values (Figure 4) .
The four necrosis categories were dichotomised according to three different cut-offs: no necrosis versus any necrosis with a median kappa of 0.417; no necrosis or single-cell necrosis versus focal or extensive necrosis with a median kappa of 0.627; and non-extensive necrosis versus extensive necrosis with a median kappa of 0.587. The first and the last of these dichotomisations resulted in a substantially broader kappa distribution than dichotomisation as no or single-cell necrosis versus focal or extensive necrosis. Assessment of apocrine differentiation resulted in low concordance (median kappa of 0.277). The four categories of periductal stromal change were dichotomised according to three different cutoffs of 1%, 33% and 66% of ducts surrounded by myxoid periductal stroma, resulting in median kappa values of 0.368, 0.378, and 0.333, respectively. Similarly, stromal inflammation was dichotomised according to three different cut-offs: absent inflammation versus any inflammation with a median kappa of 0.235; absent or mild inflammation versus moderate to extensive inflammation with a median kappa of 0.579; and non-extensive inflammation versus extensive inflammation with a median kappa of 0.566 (Figure 4) .
Discussion
Before the prognostic potential of a particular trait is investigated, the reproducibility of assessment should be examined. If a characteristic is deemed to be significantly associated with prognosis, its assessment should not be prone to high interobserver variability. As studies on prognostic markers in DCIS have often reported conflicting evidence, we wondered whether the different results might be due to substantial interobserver discordance. Therefore, we investigated interobserver variability among a group of 13 pathologists.
Percentage agreement among all observers was generally poor, varying from 0% for stromal inflammation to 51.6% for apocrine differentiation. Percentage agreement is a weak reliability measure, as it gives only approximate estimates of interobserver agreement without taking into account agreement due to chance. It is extremely influenced by the number of categories and the prevalence of a particular trait, which explains why percentage agreement was lower for features that were not assessed dichotomously, such as periductal stromal changes and necrosis. Apocrine differentiation was uncommon in this cohort, and was assessed dichotomously, which resulted in higher percentage agreement. Multicategorically assessed features with a more regular distribution (such as stromal inflammation and necrosis) automatically have lower percentage agreement. To overcome the weaknesses of percentage agreement, additional reliability measures were determined.
Krippendorff's alpha was selected as an overall reliability estimate, as it is used for analyses of subjective judgements, regardless of the number of raters, the number of rated cases, and the presence of missing data. 16 In the social sciences, a cut-off of KA ≥ 0.800 is generally required for data to be considered to be reliable. 19 Data are considered to be unreliable when KA is <0.667. With 0.800 > KA ≥ 0.667, it is . Box-and-whisker plots illustrating the distribution of Cohen's kappa values (y-axis) for each dichotomised histopathological feature (x-axis). The following histopathological features were assessed as two-tier variables: non-high nuclear grade versus high nuclear grade (1), low nuclear grade versus non-low nuclear grade (2), non-solid ductal carcinoma in situ (DCIS) growth pattern versus solid DCIS growth pattern (3), presence or absence of intraductal calcifications (4), no necrosis versus any necrosis (5), no or single-cell necrosis versus focal or extensive necrosis (6), non-extensive necrosis versus extensive necrosis (7), absence or presence of apocrine differentiation (8), <1% periductal myxoid stroma versus ≥1% periductal myxoid stroma (9), <33% periductal myxoid stroma versus ≥33% periductal myxoid stroma (10), <66% periductal myxoid stroma versus ≥66% periductal myxoid stroma (11) , no stromal inflammation versus any stromal inflammation (12) , no or mild stromal inflammation versus moderate or extensive stromal inflammation (13), and non-extensive stromal inflammation versus extensive stromal inflammation (14) . [Colour figure can be viewed at wileyonlinelibrary.com] advised to draw only tentative conclusions. 19 In that respect, histopathological assessment would be considered to be unreliable, as KAs for all but one feature were <0.667. We would like to emphasise that such cut-offs are chosen arbitrarily. Interestingly, disagreement itself can provide valuable prognostic information, as discordant nuclear grades were shown to predict outcome in invasive breast cancer. 20, 21 Although KA is the correct reliability measure for categorical data assessed by multiple observers, it does not allow for investigation of mutual relationships among pathologists. Therefore, Cohen's kappa was calculated for all observer duos, and this resulted in 78 kappa values for each dichotomised feature. Degrees of reliability were compared between all features and their applied cut-offs.
So far, (dis)agreement on nuclear grade has been most intensively studied, and reported kappa values were generally low, varying from 0.27 to 0.49, depending on the classification system applied. [22] [23] [24] In this study, dichotomisation of nuclear grade as non-high versus high was more reproducible and thus more robust than dichotomisation as low versus non-low. Pathologists seem to have more difficulties with discerning low grade from intermediate grade than in discerning intermediate grade from high grade, which confirms previous findings. 25 By analogy with the two-tier system of low-grade squamous intraepithelial lesions and high-grade squamous intraepithelial lesions that replaced the three-tier system of cervical intraepithelial neoplasia, 26 it may be appropriate to also dichotomise nuclear atypia in DCIS. Two-tier grading systems have also replaced three-tier grading systems in other organ systems, such as the gastrointestinal tract. 27 In these different settings, better agreement among pathologists was obtained by implementing two-tier grading of dysplasia. Moreover, genomic and molecular studies have provided evidence for a low-grade pathway and a high-grade pathway in breast cancer development. [28] [29] [30] Interestingly, two-tier morphological grading of DCIS is corroborated by gene expression profiles, as molecular grading indicated a binary grading scheme for DCIS. 31 Unfortunately, it is impossible to investigate the interaction of features with one another, as all histopathological features are present (or absent) in one lesion. For instance, it is known that high-grade DCIS more often presents with necrosis, but it is impossible to investigate whether there is a true correlation or whether pathologists tend to assign a higher nuclear grade to DCIS with necrosis.
Comparison of median kappa values identified cutoffs with the lowest interobserver variability for the presence of necrosis, myxoid stromal changes, and stromal inflammation. Assessment of necrosis was most reliable with dichotomisation as no or single cell-necrosis versus focal or extensive necrosis. Previous studies provided contradictory evidence on the prognostic value of necrosis in DCIS, but methods of assessment differed. 9, [32] [33] [34] It would be interesting to re-evaluate the prognostic potential of necrosis in a large DCIS cohort on the basis of the definition used in this study, as we have shown that this feature is assessed most reproducibly. Similarly, it would be worthwhile investigating the prognostic potential of dichotomous assessment of stromal inflammation (i.e. absent to mild inflammation versus moderate to extensive inflammation according to the aforementioned definitions), as the currently available reports provide contradictory evidence on the prognostic value of so-called tumour-infiltrating lymphocytes in DCIS. 9, [35] [36] [37] Likewise, myxoid changes in the periductal stroma cannot be overlooked. We previously reported an association between myxoid stromal changes and recurrence rates in DCIS patients. 10 Here, we have determined a robust cut-off of 33% of ducts surrounded by myxoid changes, and we now aim to further explore the relationship between dichotomised periductal stromal changes and outcome in an independent cohort of DCIS patients. In addition, we aim to investigate whether upfront dichotomous assessment results in similar interobserver concordance as post-hoc dichotomisation.
Most studies on interobserver variability among pathologists have focused on the differentiation between atypical ductal hyperplasia (ADH), DCIS, and invasive cancer, [38] [39] [40] but only a few studies have been performed on agreement regarding histopathological features within DCIS, mainly focusing on nuclear grade and architectural patterns. [41] [42] [43] Here, we show that dichotomous histopathological assessment results in substantial interobserver concordance but depends on the chosen cut-off. We advocate the investigation of interobserver variability before examination of the prognostic potential of a particular trait, because prognostic markers are practically useless when they are not reproducible. In conclusion, it might be worthwhile considering new DCIS grading systems or prognostic indexes, based on two-tier assessment of several histopathological features. A potential disadvantage of two-tier assessment is the loss of information that might be clinically relevant, but we assume that two-tier assessment will be most robust when used in daily practice. First and foremost, this requires further investigation of the prognostic value of each dichotomously assessed histopathological feature separately, which was beyond the scope of this study.
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